There is now considerable evidence to support the hypothesis that psychotic symptoms are the result of abnormal salience attribution, and that the attribution of salience is largely mediated through the prefrontal cortex, the striatum, and the hippocampus. Although these areas show differential activation under the influence of delta-9-tetrahydrocannabinol (delta-9-THC) and cannabidiol (CBD), the two major derivatives of cannabis sativa, little is known about the effects of these cannabinoids on the functional connectivity between these regions. We investigated this in healthy occasional cannabis users by employing event-related functional magnetic resonance imaging (fMRI) following oral administration of delta-9-THC, CBD, or a placebo capsule. Employing a seed cluster-based functional connectivity analysis that involved using the average time series from each seed cluster for a whole-brain correlational analysis, we investigated the effect of drug condition on functional connectivity between the seed clusters and the rest of the brain during an oddball salience processing task. Relative to the placebo condition, delta-9-THC and CBD had opposite effects on the functional connectivity between the dorsal striatum, the prefrontal cortex, and the hippocampus. Delta-9-THC reduced fronto-striatal connectivity, which was related to its effect on task performance, whereas this connection was enhanced by CBD. Conversely, mediotemporal-prefrontal connectivity was enhanced by delta-9-THC and reduced by CBD. Our results suggest that the functional integration of brain regions involved in salience processing is differentially modulated by single doses of delta-9-THC and CBD and that this relates to the processing of salient stimuli.
INTRODUCTION
Accumulating evidence suggest that regular cannabis use increases the risk of development of psychotic disorders (Kuepper et al, 2011; Moore et al, 2007) . However, the extract of cannabis sativa has many different ingredients (Bhattacharyya et al, 2009a) . Delta-9-tetrahydrocannabiol (delta-9-THC), the main psychoactive ingredient, is responsible for inducing transient psychotic and anxiety symptoms (Bhattacharyya et al, 2009a; D'Souza et al, 2004) . In contrast, cannabidiol (CBD), another major ingredient may have anxiolytic Fusar-Poli et al, 2009) and antipsychotic-like effects ) and may oppose the neural effects of delta-9-THC and block the psychotogenic Morgan and Curran, 2008) and cognitive (Morgan et al, 2010a (Morgan et al, , 2010b effects of delta-9-THC. We have recently reported that the induction of psychotic symptoms by delta-9-THC may be related to its effects on the striatum and the prefrontal cortex, integral components of a network of brain areas involved in processing of salient information (Bhattacharyya et al, 2012c) , consistent with emerging evidence regarding the role of aberrant salience attribution in psychosis (Jensen and Kapur, 2009; Palaniyappan and Liddle, 2012) . Furthermore, we showed that CBD and delta-9-THC had opposite effects on the striatum, the hippocampus, and the inferior frontal gyrus, which are key components of a network of brain areas involved in the processing of salience (Rubia et al, 2007; Strange and Dolan, 2001; Zink et al, 2006) . The striatum is engaged when salient stimuli are encountered in an unexpected environmental context, with the level of activation linked to how salient they are (Zink et al, 2006) . The hippocampus detects novelty by comparing past and present experience (Kumaran and Maguire, 2006) , and is normally engaged when novelty contributes to stimulus salience. The inferior prefrontal cortex has a central role in the control of both goal-directed and stimulus-related attention (Asplund et al, 2010) , and its engagement during a salience detection task may be related to the attentional component of processing a salient stimulus. However, whether delta-9-THC and CBD modulate the integration of these key areas during the processing of salience has not been examined. To date, only one previous study has examined the effect of delta-9-THC and CBD on the functional integration of brain regions in the context of an emotional (fear) processing task . The purpose of the present study was to specifically examine whether delta-9-THC and CBD had opposite effects on the functional integration (as indexed by functional connectivity) of areas involved in the processing of salient information, which we have previously shown to be modulated in different directions by these cannabinoids (Bhattacharyya et al, 2012c) . Functional connectivity, defined as temporal correlation between spatially remote neurophysiological events, can be computed from correlations between functional magnetic resonance imaging (fMRI) time series within an activated functional system (Friston, 2011) , which however cannot provide estimates of directional influences between brain regions.
We hypothesized that relative to placebo, ingestion of delta-9-THC or CBD would be associated with modulation of the functional connectivity of the striatum, inferior frontal cortex, and hippocampus during a visuo-spatial attention allocation task. These regions were selected as seed clusters for the connectivity analysis on the basis of our previous finding that delta-9-THC and CBD have opposite effects on the blood oxygen level-dependent (BOLD) response in these regions during the oddball salience processing task and that the induction of psychotic symptoms by delta-9-THC was related to its the effect on activation in the striatum (Bhattacharyya et al, 2012c) . Furthermore, these regions have been implicated in psychotic disorders such as schizophrenia (MeyerLindenberg, 2010; Vita et al, 2006) . In particular, psychotic symptoms in schizophrenia have been related to increased dopaminergic activity in the striatum (Guillin et al, 2007) and may be exacerbated by cannabis use (D'Souza et al, 2005) . Specifically, in light of the already noted antagonism between these two cannabinoid molecules and their opposing effect upon psychotic symptoms (Zuardi et al, 2012) we predicted that delta-9-THC and CBD would have an opposite effect on the functional connectivity within these regions. Furthermore, we predicted that the effect of delta-9-THC, but not of CBD, on functional connectivity within these brain regions would be correlated with its effects on performance. As the striatum and the inferior frontal cortex respectively have critical roles in salience attribution and allocation of attentional resources toward salient stimuli (Rubia et al, 2007; Zink et al, 2006) , we predicted that such a relationship would exist between the effects of delta-9-THC on task performance and its effects on fronto-striatal connectivity.
MATERIALS AND METHODS
Data presented here are based on that acquired during a previous experimental study, the methods of which have already been reported in detail (Bhattacharyya et al, 2009b (Bhattacharyya et al, , 2012c . Further description of the methods including details about subjects and experimental procedure including imaging are included in Supplementary Material. In brief, 15 healthy, right-handed, occasional (o15 times/lifetime) cannabis user males with minimal other drug use and alcohol use less than 21 units/week were tested on three separate occasions at least 1 month apart. None of the subjects had any personal or family history of psychiatric illness and alcohol or other drug abuse or dependence. Nine subjects were current tobacco smokers. Seven subjects smoked 2.92 (SD, 4.9) (range, 0-15/day) cigarettes per day; 2 subjects smoked 410 cigarettes per day. All subjects were requested to abstain from use of recreational drugs for the duration of the study, alcohol intake for 24 h and caffeine intake for 12 h before the study and also to avoid smoking tobacco on the morning of the study. Following a light standardized breakfast, a urine sample was collected for screening for recent use of amphetamines, benzodiazepines, cocaine, methamphetamine, opiates, and THC using immunometric assay kits. None of the participants tested positive on any of the sessions. They were studied with fMRI on three separate occasions 1 h after they were given identical capsules of 10 mg delta-9-THC, 600 mg CBD or placebo (flour) orally, while there was a sustained level of the drug in their peripheral blood. There was an interval of at least 1 month between scans. Psychopathology ratings in a number of measures including psychotic symptoms (Positive and Negative Syndrome Scale, PANSS; Kay et al, 1987) were recorded and drug plasma levels were obtained immediately before drug administration (baseline) and again after 1, 2, and 3 h following drug administration. Inside the scanner, participants performed a simple visual oddball detection task (further details in Supplementary Material), which involved pressing a left/right button to indicate the direction of arrows presented on a screen for 600 ms in series pointing to the right or left with equal probability. Arrows were followed by a blank screen for an average of 1.2 s (jittered between 1 and 1.4 s, total mean inter-trial interval ¼ 1.8 s). There were 160 horizontal arrows (standard stimuli) and interspersed pseudo-randomly among them were 24 oddball stimuli, which were identical to the horizontal arrows but presented at a 231 angle. T2*-weighted images were acquired on a 1.5-T (GE) system with TE ¼ 40 ms, TR ¼ 1.8 s. Data from all subjects met criteria for image quality and movement (o3 mm displacement in any one direction) and were included for analysis.
Data Analysis
Measures of task performance and symptom ratings were normally distributed and were analyzed using repeatedmeasures ANOVA used to compare drug conditions. When significant differences were found, the Tukey test for pairwise comparisons was applied. The effects of between-drug differences in symptom levels on activation were examined by correlating measures of activation with the change in the rating from baseline to the mean of those at 1 and 2 h.
Imaging data obtained under each of the three drug conditions were analyzed using XBAMv3.4 (http:// www.brainmap.co.uk/) software. Pre-processing and initial subject-level analysis of neuroimaging data has been already described before (Bhattacharyya et al, 2012c) , but is reported in brief here for the sake of completeness. Following realignment and smoothing of the imaging data with an 8-mm FWHM Gaussian filter, we convolved the experimental design with two gamma variate functions to model the blood oxygen level-dependent (BOLD) hemodynamic response. This was followed by a least squares fitting of the convolved model to the time series at each voxel and estimation of the sum of squares ratio (SSQ ratio of model component to residual sum of squares) for the oddball vs standard contrast (ie, 'oddball-standard' stimuli). 'Oddball stimuli' were modelled against the 'standard stimuli', which comprised the implicit baseline. The significance of the estimated SSQ values at each voxel was determined using permutation testing (Bullmore et al, 2001) . We transformed the SSQ ratio maps for each individual into standard Talairach stereotactic space (Talairach and Tournoux, 1988) and then computed group activation maps for each drug by determining the median SSQ ratio at each voxel. We studied the effect of different conditions and contrasted them using non-parametric repeated-measures ANOVA (Brammer et al, 1997) , with a voxel-wise threshold of p ¼ 0.05 and the cluster-wise threshold set such that the total number of false positive clusters per brain volume was o1; the p-value at which the later occurred is quoted. Cluster-level testing incorporates information from more than one voxel in the test statistic. Hence, the principal advantages of cluster-level testing are that it confers greater sensitivity and also mitigates the multiple comparisons problem, by substantially reducing the search volume or number of tests required for a whole-brain analysis. Effect of each drug was estimated by contrasting the oddball condition with the standard condition for each drug condition (delta-9-THC, CBD, and placebo). The effects of delta-9-THC and CBD in the whole brain were examined by comparing the activation maps for each drug condition separately with the activation map for the placebo condition. Finally, we identified areas within the whole brain where the effects of delta-9-THC and CBD relative to placebo were in opposite directions (Bhattacharyya et al, 2012c) . This involved identifying brain areas where there was a linear relationship, either delta-9-THC4placebo4CBD or delta-9-THCoplacebooCBD. The seed clusters employed in the subsequent connectivity analyses were selected from the delta-9-THC4placebo4CBD group effect contrast (inferior frontal gyrus cluster) and the delta-9-THCoplacebooCBD contrast (dorsal striatal and posterior hippocampal cluster, see below).
Connectivity Analysis
To investigate the effect of delta-9-THC and CBD on functional connectivity, we selected seed clusters based on the group comparisons performed using the GLM-based whole-brain analysis described above. We used the inferior frontal (X ¼ 51, Y ¼ 26, Z ¼ À 13; cluster size ¼ 20 voxels), dorsal striatal (X ¼ À 22, Y ¼ 26, Z ¼ 9; cluster size ¼ 6 voxels) and posterior hippocampal foci (X ¼ À 29, Y ¼ À 41, Z ¼ 4; cluster size ¼ 10 voxels) as seed clusters. Cluster sizes were based on the size of the clusters in the three-way group contrasts (ie, delta-9-THC vs placebo vs CBD). Previous studies have implicated these regions in the processing of novel, deviant or rare stimuli (Rubia et al, 2007; Strange and Dolan, 2001; Zink et al, 2006) and as reported in Bhattacharyya et al (2012c) we have found the effect of delta-9-THC and CBD on the BOLD response in these regions to be in opposition to one another during the oddball salience processing task.
Using these seed clusters as regions of interest (ROIs), we then extracted the average time series over the whole ROI for each subject in each subject's space. The average time series for each subject was then used as a model for a wholebrain correlation analysis producing functional connectivity maps. Functional connectivity maps for each subject were then transformed to standard Talairach space where group connectivity maps were computed for each drug condition by determining the median correlation coefficient (across subjects) at each voxel.
Group comparisons were then carried out by employing a whole-brain analysis approach, using repeated-measures ANOVA with non-parametric (permutation-based) statistical inference. First, separate group-level analyses were performed to investigate the effect of each active drug (CBD or delta-9-THC) on functional connectivity with each of the seed clusters by contrasting each drug separately against the placebo condition, ie, CBD vs placebo and delta-9-THC vs placebo. We then investigated whether there was a linear relationship between the effects of the three drug conditions on functional connectivity with each of the seed clusters by contrasting delta-9-THC4placebo4CBD and delta-9-THCoplacebooCBD. We used a voxel-wise threshold of p ¼ 0.05 and a cluster-wise threshold set such that the total number of false positive clusters per whole brain was o1: the p-value at which the latter occurred is quoted in the text as appropriate. Effect of delta-9-THC on fronto-striatal connectivity was significant on a direct comparison of the effects of delta-9-THC and CBD relative to the placebo condition. Hence, this measure was employed in correlational analyses to test relationship between the effects of delta-9-THC on task performance and fronto-striatal connectivity.
RESULTS
To make it easier for the reader to follow the presentation of results of the functional connectivity analysis that we have carried out here, we are briefly summarizing the most salient behavioural and functional neuroimaging results from our previous study (Bhattacharyya et al, 2012c) , on which the results of the present study are built. They are also presented as Supplementary Material.
Summary of Previous Behavioural and fMRI Results
Administration of delta-9-THC, but not CBD, resulted in a significant (P ¼ 0.001) effect on psychotic symptom ratings relative to the placebo condition. Both delta-9-THC (Po0.001) and CBD (P ¼ 0.02) resulted in significantly reduced response latency across the oddball and standard conditions relative to placebo. However, there was a significant (P ¼ 0.01) effect of interaction between drug and stimulus condition on response latency, which was driven by a greater effect of delta-9-THC relative to CBD and placebo conditions during the standard compared with oddball stimuli. As reported in detail previously (Bhattacharyya et al, 2012c) , direct contrasts revealed that delta-9-THC and CBD had opposite effects on activation in several regions, summarized in Figure 1 (details in Supplementary Table S2 and Supplementary Figure S1 , Supplementary Material). Seed clusters were chosen based on these results. As reported previously, effect of delta-9-THC in the left caudate was inversely correlated with its effect on psychotic symptoms and task performance.
Functional Connectivity Analyses
Main effect of delta-9-THC on whole-brain functional connectivity Inferior frontal gyrus seed cluster. Relative to the placebo condition, delta-9-THC augmented the functional connectivity of the right inferior frontal gyrus with the right medial frontal gyrus and with the left claustrum and the right anterior lobe of the cerebellum, with the latter two clusters not surviving the o1 false positive cluster threshold (Supplementary Table S3 , Supplementary Figure S2 , Supplementary Material).
Dorsal striatum seed cluster. Relative to the placebo condition, delta-9-THC augmented the functional connectivity of the left dorsal striatum with the left anterior lobe of the cerebellum and the right superior frontal gyrus. In contrast, the connectivity of the dorsal striatal seed cluster with the left subcallosal gyrus and the left inferior frontal gyrus was attenuated by delta-9-THC relative to the placebo condition (uncorrected for o1 false positive cluster; Supplementary Table S3, Supplementary Material).
Hippocampal seed cluster. Relative to the placebo condition, delta-9-THC augmented the functional connectivity of the left posterior hippocampal cluster with the right medial frontal gyrus and attenuated the functional connectivity with the right postcentral gyrus and the left paracentral lobule (uncorrected for o1 false positive cluster; Supplementary Table S3, Supplementary Material).
Main effect of CBD on whole-brain functional connectivity Inferior frontal gyrus seed cluster. Relative to the placebo condition, CBD attenuated the functional connectivity of the right inferior frontal gyrus with the right insula (uncorrected for o1 false positive cluster). A decrease in functional connectivity under the influence of CBD as compared with placebo was also found with a cluster of regions, with a peak in the left anterior lobe of the cerebellum, the left lingual gyrus, and the left thalamus (Supplementary Table S4 Direct comparison of the effects of delta-9-THC and CBD on functional connectivity Inferior frontal gyrus seed cluster. Relative to the placebo condition, delta-9-THC augmented the functional connectivity of the right inferior frontal gyrus with the parahippocampal gyrus. On the other hand, CBD attenuated the functional connectivity between these two regions (Table 1, Figure 2a and b). Dorsal striatum seed cluster. Relative to placebo, delta-9-THC reduced the functional connectivity of the left dorsal striatum with the ipsilateral ventral striatum and the inferior frontal gyrus. Conversely, CBD augmented the functional connectivity between the dorsal striatum and these two regions (Table 1, Figure 3a -c).
Hippocampal seed cluster. The functional connectivity of the left posterior hippocampal cluster with the left superior, middle and inferior frontal gyri, the anterior cingulate/medial prefrontal cortex, and the left precentral gyrus was augmented by delta-9-THC (Figure 4a ). In contrast, CBD attenuated the connectivity of the posterior hippocampal cluster with these regions (Table 1, Figure 4a c). Conversely, delta-9-THC attenuated the functional connectivity of the left posterior hippocampal cluster with the parahippocampal gyrus, whereas CBD augmented its connectivity with this region (Table 1, Figure 4d and e).
Relationship between delta-9-THC effects on functional connectivity and behaviour. The effect of delta-9-THC on
Inferior frontal gyrus Striatum (Caudate head) Hippocampus
Direct contrast of the effects of delta-9-THC vs Placebo vs CBD Delta-9-THC> PLB> CBD Delta-9-THC< PLB< CBD Figure 1 Summary results of direct comparison of the effects of delta-9-THC, CBD, and placebo while processing oddball relative to standard stimuli.
Cannabinoid effect on salience processing S Bhattacharyya et al the functional connectivity of the left striatal seed cluster with the inferior frontal gyrus (obtained in the three-way contrast between the effect of delta-9-THC and CBD relative to the placebo condition) was inversely correlated (r ¼ À 0.519, p ¼ 0.028) with its effect on performance during the visual oddball detection task. This was such Opposite effects of delta-9-THC and CBD on functional connectivity with the inferior frontal (51,26, À 13) cluster (delta-9-THC4Placebo4CBD)
Parahippocampal gyrus 22 À 15 À 18 56 o0.03
Opposite effects of delta-9-THC and CBD on functional connectivity with the striatal ( À 22,26,9) cluster (delta-9-THCoPlacebooCBD) Opposite effects of delta-9-THC and CBD on functional connectivity with the hippocampal ( À 29,41,4) cluster (delta-9-THCoPlacebooCBD)
Parahippocampal gyrus À 32 À 41 À 2 11 0.04
Opposite effects of delta-9-THC and CBD on functional connectivity with the hippocampal ( À 29,41,4) cluster (delta-9-THC4Placebo4CBD) The bar graph (mean±SEM) shows that connectivity of the inferior frontal seed cluster with the parahippocampal gyrus (y axis; arbitrary units) in (a) was augmented by delta-9-THC but attenuated by CBD.
Cannabinoid effect on salience processing S Bhattacharyya et al that, the more delta-9-THC attenuated the connectivity between striatum and inferior frontal gyrus, the more prominent was its effect on response latency during the standard condition relative to the oddball condition. However, post hoc testing indicated that there was no such relationship between the effect of delta-9-THC on functional connectivity between the inferior frontal gyrus and medial temporal cortex and task performance.
DISCUSSION
We employed a whole-brain analysis approach to investigate the effects of delta-9-THC and CBD, the principal ingredients of cannabis sativa, on the functional connectivity of the dorsal striatum, prefrontal cortex, and hippocampus, three brain regions that have a critical role in the processing of salient stimuli (Rubia et al, 2007; Strange and Dolan, 2001; Zink et al, 2006 ), which we have previously shown to be differentially modulated under their influence (Bhattacharyya et al, 2012c) . In accordance with our first hypothesis, both cannabinoids modulated the functional connectivity of the striatum, inferior frontal cortex, and hippocampus. In the case of delta-9-THC, most of these effects did not survive correction for false positives. However, when delta-9-THC and CBD were directly contrasted relative to placebo in a three-way analysis to investigate whether the drugs had opposite effect on connectivity between the seed clusters and the rest of the brain, consistent with our second hypothesis, they had distinct, antagonistic effects on the connectivity of these regions. Furthermore, delta-9-THC-induced alterations in the connectivity between the striatal cluster and the inferior frontal gyrus correlated with response latency during the standard condition relative to the oddball condition in the visual oddball detection task. This is consistent with a similar relationship that we have observed between striatal effects of delta-9-THC and response latency to standard vs oddball stimuli in our previous study and perhaps suggests that altered fronto-striatal connectivity that we have observed may be functionally related to aberrant salience attribution in this sample that we have reported before (Bhattacharyya et al, 2012c) and summarized here (see Supplementary Material).
The antagonistic effects of delta-9-THC and CBD were evident on the connectivity of the inferior frontal gyrus, striatum, and hippocampus with other brain areas known to be involved in the processing of salience, such as the anterior cingulate/medial prefrontal cortex, parahippocampal gyrus, and ventral striatum (Palaniyappan and Liddle, 2012) . This is consistent with differential modulation of both the processing of salient information in humans and its underlying neural substrates by delta-9-THC and CBD, which has been demonstrated in our previous study shows that connectivity of the dorsostriatal seed cluster with the inferior frontal gyrus (y axis; arbitrary units) in (a) was attenuated by delta-9-THC but augmented by CBD.
Cannabinoid effect on salience processing S Bhattacharyya et al (Bhattacharyya et al, 2012c) . Functional interaction of specific structures involved in salience processing, as identified in this study, is also in accordance with findings from human functional and structural imaging studies (Burianova et al, 2010) as well as mapping studies in primates (Selemon and Goldman-Rakic, 1985) that demonstrate their anatomical and functional relationship. Functional connectivity between the striatum and inferior frontal cortex was attenuated by delta-9-THC. One may interpret this as suggesting that the striatal regions were no longer subject to prefrontal control under the influence of delta-9-THC. Attenuation of striatal engagement while viewing the oddball stimuli relative to standard stimuli as observed under the influence of delta-9-THC, despite increased prefrontal engagement, may thus reflect this loss of cortical control under its influence, resulting in aberrant attribution of salience to standard stimuli. However, an important caveat to this interpretation is that it is not possible to infer directionality or causality regarding the influence that activity in a specified seed cluster may exert on other brain regions, based on the functional connectivity analyses reported here. Nevertheless, this interpretation is also consistent with the relationship between the effect of delta-9-THC on response latency while viewing standard stimuli and its effect on connectivity between the striatum and inferior frontal cortex. Conversely, functional connectivity of the inferior frontal cortex and striatum was enhanced under the influence of CBD. This may have facilitated the normal attribution of salience to oddball stimuli by augmenting the striatal response under the influence of CBD, rather than result in the aberrant attribution of salience to the standard stimuli that was observed under delta-9-THC (Bhattacharyya et al, 2012c) . Alteration in fronto-striatal connectivity measured using fMRI (while performing a response inhibition task) has also been reported to correlate with the number of cannabis use occasions per day in regular cannabis users, though the direction of this relationship was opposite in dependent vs non-dependent users (Filbey and Yezhuvath, 2013 ). While it is not possible to directly compare the results of our study with this previous study because of obvious methodological differences, including the measurement of acute (using pharmacological challenge) vs non-acute effect of exposure, different cannabis usage patterns in study participants and different task parameters, it nevertheless identifies the fronto-striatal connection as a substrate for both the acute and non-acute effects of cannabinoids, perhaps reflecting the high distribution of cannabinoid CB1 receptors (CB1R) in these regions (Pertwee, 2008) . Results presented here are also consistent with previous reports of effect of delta-9-THC on the coherence and synchrony of electrical signals in the frontal cortex (Morrison et al, 2011; Stone et al, 2012) . Although opposite effects of delta-9-THC and CBD on brain activation have been described in previous studies (Bhattacharyya et al, , 2012c their influence on functional connectivity has only been addressed in one study so far. However, unlike Fusar-Poli et al (2010) who employed dynamic causal modelling to investigate connectivity and reported that CBD but not delta-9-THC altered effective connectivity between the anterior cingulate cortex and the amygdala during emotional processing of fearful stimuli, we employed seed-based functional connectivity approach that allowed us to investigate druginduced changes in connectivity throughout the brain. Opposite effects of delta-9-THC and CBD on connectivity between the prefrontal and medial temporal cortex and striatum are also consistent with previous studies that have reported an acute effect of these drugs on the engagement of these regions during other cognitive and emotional processing paradigms (Bhattacharyya et al, 2009a (Bhattacharyya et al, , 2009b (Bhattacharyya et al, , 2012a (Bhattacharyya et al, , 2012b Borgwardt et al, 2008) as well as evidence from studies that have investigated the chronic effects of cannabis on brain structure and function . Results presented here are also consistent with the role of striatal dopamine in mediating salience processing (Floresco et al, 2003) , evidence regarding the effect of cannabinoids on dopaminergic neurotransmission (see Kuepper et al, 2010 for a review) as well as evidence that variation in genes that regulate central dopamine neurotransmission may modulate the effect of delta-9-THC on striatal function that correlates with psychotic symptoms induced under its influence (Bhattacharyya et al, 2012a) . Together with the results of our previous study, results presented here suggest that a potential mechanism for the psychotogenic effects of delta-9-THC and in particular its effects on salience processing might lie in its effect on the functional integration of components of a network processing salient information.
Consistent with these results, previous studies have reported the effect of other psychotogenic substances such as ketamine on the processing of salient information (Corlett et al, 2006) . It has been suggested that the psychotropic effects of ketamine might also be related to alterations in the connectivity between specific brain regions, which has been demonstrated both in animal (Bolton et al, 2012) and in human studies (Salvadore et al, 2010) .
Our results are also in line with studies demonstrating altered brain network connectivity under the influence of drugs that induce psychotic symptoms (Diaconescu et al, 2010; Esposito et al, 2013; Pujol et al, 2013) and studies demonstrating altered connectivity in different stages of schizophrenia (Pettersson-Yeo et al, 2011) . This may suggest that altered functional connectivity under the influence of delta-9-THC might be a plausible mechanism through which regular cannabis consumption increases the risk of development of schizophrenia. However, it is worth noting that results presented here only refer to the acute effects of delta-9-THC on functional connectivity in those with minimal previous exposure to cannabis, which may be different from the long-term effects of regular cannabis use on functional connectivity.
At the cellular level, both delta-9-THC and CBD act on cannabinoid receptors and one of these, the CB1R, has been implicated in the modulation of salience in animals (Laviolette and Grace, 2006) . It has also been proposed that delta-9-THC and CBD may have opposite mechanisms of action on the CB1R (Pertwee, 2008) , and it is possible that the opposite effects of delta-9-THC and CBD on regions involved in processing salience may be a result of this, as CB1Rs have a high density in brain regions that form part of the salience network (Pertwee, 2008) .
The opposite effects of delta-9-THC and CBD on functional connectivity provide further complementary evidence for the potential role of CBD as an antipsychotic Leweke et al, 2012; Morgan and Curran, 2008; Morgan et al, 2010b; Zuardi et al, 2012) and suggest that the antipsychotic effects of CBD might be related to its effects on brain activation in regions, which have been consistently found to be associated with psychosis, such as the striatum and the temporal cortex.
Limitations
One of the main limitations of this study is that functional connectivity analysis that depends on correlation between time series from different brain regions is only as good as the temporal and spatial resolution available with fMRI scanning. Whether temporal correlations observed between the time series from different brain regions truly reflect correlation between neural activity rather than correlation between drug-induced changes in cerebral blood flow remains difficult to be certain. However, it has been shown that the shape of the hemodynamic response that is used to estimate effects in fMRI studies is not altered by drugs known to have vascular effects (Gollub et al, 1998; Luo et al, 2003; Murphy et al, 2006) . Furthermore, even if the effects of delta-9-THC and/or CBD on global cerebral blood flow were to have influenced the results of the connectivity analysis, such effects would not have been localized to specific brain regions as observed here. Another factor that may limit the generalizability of these results to the clinical setting is related to the fact that we have only reported the acute effects of the drugs on brain connectivity. Future studies investigating these effects over a longer time period are warranted for an understanding of the effects of delta-9-THC and CBD on brain connectivity to be relevant to an understanding of the role of these cannabinoids in psychosis and its treatment, respectively.
